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Pospobaeno cucmemy innosauiiinoi
diazHoCMUKU XPeCmosur CmpijlouHux
nepeeodis. Ilpoeedeno excnepumen-
manvHo-meopemuuni 00CALONCEHHS
1n03006%CHb020 NPOPia0 Xpecmosun
cmpinounux nepeeooie 3anizHuunoi
Koaii, yxaadenux Ha 3anizo0emon-
Hux Opycax. Ycmanoeneno xapak-
mepHi mpaexmopii pyxy uenmpa mac
KoJleca no Xpecmoeumi 3aaexncHo 6io
3HOCY 6YcosuKie ma ocepos xpecmo-
eunu. Pospobneno mamemamuuny
MoOeb NPoHO3YEanHs 3HOCY NPoPi-
10 XPecmoeun 3anexncno 6io npony-
weH020 MOHHAICY

Knrouogi croea: xpecmosuna, cmpi-
NouHull nepesid, no3008x4cHil npo-
Qinv, mpaexmopia pyxy, pyxomui
cKaa0 3anizHuUb

[, ul

Paspa6omana cucmema unnoga-
YUOHHOU O0UAZHOCIMUKU KPeCmOoBUH
cmpenounvix nepesodos. Ipoeedennvi
AKCnepuMeHmaIbHO-MmeopemuiecKue
uccaedosanus npoooavHozo npodu-
I KPeCmosun CmpeiouHsvlx nepeeo-
006 Jicene3ano00poICcHO20 nymu, yc-
MAHOBNEHHBIX HA JCENe300emOHHbIX
opycvax. Ycmanosnenot xapaxmep-
Hble mpaexmopuu 08UNCEHUS YeHMPa
Macc xoaeca no Kpecmosute 6 3aéu-
CUMOCMU OM UHOCA YCOBUKOB U Cep-
deunuxa kpecmogunwvl. Paspabomana
Mamemamureckas mMooenb npozHO3U-
poeanus usnoca npounsa kpecmo-
6UH 6 3ABUCUMOCU OM NPONYULEHHO-
20 monnasica

Knioueevie cnoga: xpecmosuna,
cmpenounvlii nepesood, npoooibHbLlL
npodunb, mpaexmopus 08uiNcenus,
nO0BUIICHBLI COCMAB JICeIe3HBIX D0PO2

| =,

1. Introduction

The railroads of Ukraine currently operate more than
50 thousand railroad switches and blind intersections. Most
of them (98 %) are single ordinary railroad switches.

Basic railroad switches that are most common on the rail-
roads of Ukrzaliznytsia after 1990 are the railroad switches
that are laid on reinforced concrete bars, of type R65,
brands 1/11 and 1/9, designed by PTKB CP MPS — 1740
and 2215[1]. At present, these basic models of railroad
switches are significantly modified. The modifications were
introduced to separate structural units while maintaining
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basic geometric dimensions [2, 3]. There are many pilot de-
signs of railroad switches currently in operation that are based
on new structural solutions. These include the introduction of
oblique connection, extending rail endings and the implemen-
tation of an impact-free rolling surface on the frog [4].

The processing of statistical data on the total weight of
the passed cargo revealed that the current profile based on
GOST 28370-89 does not meet operational conditions be-
cause the average time of a frog life cycle along all the exami-
ned routes of Ukrzaliznytsia does not reach a warranted time
of operation [3]. In most cases, a frog life cycle is almost twice
shorter in terms of failure-free operation.




Analysis of the investigated frogs against the total weight
of the passed cargo showed that the largest percentage of frog
failures is due to chipping and wear of the core of frogs and
rail wings. If one analyzes the distribution of defects among
the most common designs of railroad switches, one can see
that the largest number of failures in frogs is observed for the
1740 design (Fig. 1).
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Fig. 1. Defect distribution histogram for the designs
of railroad switches

Studies into the features of interaction between a track
and rolling stock in the zone of railroad switches have
found [5, 6] that a vertical irregularity in the zone of the
rolling surface of a railroad switch [7] creates additional dy-
namic forces of rolling stock on the frog.

To determine dynamic forces of interaction on the frogs
mounted on reinforced concrete base, it is necessary, first of
all, to establish the types and parameters of vertical irregula-
rities of frogs at different levels of wear.

There is a known device for measuring the wear of the
core and rail wings of frogs [9], A. K. Yankovskiy ruler,
which has a horizontal steel bar with a marked millimeter
scale, movable and fixed supports. The disadvantage of
measurement is significant labor intensity as one displace-
ment of the ruler enables to obtain only one value of wear
of the core or a rail wing of the frog. In addition, human
factor manifests itself in the influence on the measuring
results that depend on the proper position of the ruler and
a reference point.

A mechanical crossing-piece profilographer, known in
Russia (patent RU No. 89120), designed to measure the
cross-sectional profile of frogs, does not make it possible
to map a profile image onto paper at atmospheric precipi-
tation; it also has a limited scope of application because its
operation is based on the mechanical principle of action.
Additional disadvantages of the profilographer include the
limited measurement of a frog profile only in longitudinal
direction, dependence of results on the transversal position
of the measuring wheel and its profile, as well as the necessity
to change the profile of a measuring wheel in order to mea-
sure the motion trajectory of wheels with metal wear on the
rolling surface.

At present, many mechanical and inertial systems are
used for the diagnosis of railroad switches in the countries
of the European Union [3]. These systems are aimed at
measuring the parameters of dynamic interaction between
frogs when railroad rolling stock passes over them. The most
widely used at the EU railroads is the mechanical profilog-
rapher Miniprof-Switch for measuring the transverse profile

of a frog core (Fig. 2). However, the system makes it possible
to obtain a cross profile of the frog only at a particular inter-
section of the core, rather than the surface along the core,
which does not allow the objective evaluation of technical
condition of the crossing.

Fig. 2. Crossing profilographer
Miniprof-Switch

In Germany, the diagnosis of frogs is performed
using the system ESAH-M and ESAH-F. The system
ESAH-M (Fig.3) is a device for recording accelerations
and a device for determining motion speed of the rolling
stock.

Fig. 3. Inertial system for diagnosing the frogs
of rail switches ESAH-M

The measurements of accelerations in the frog core,
performed over many years, showed that this system yields
a considerable variation in the measured values of accel-
erations. This is due primarily to disregarding the factors
that arise during interaction between a wheel of the roll-
ing stock and the frog: taking into consideration a motion
direction of the rolling stock, identification of place of the
impact, which has a significant influence on the value of
accelerations.

The known system for diagnosing the frogs of railroad
switches ESAH-F (Fig. 4), which consists of an acceleration
sensor and a data collection system, located on a rail vehicle,
a speed meter, and a navigation device, estimates threshold
values of the measured vibration accelerations. In the case
when the assigned limiting values of vibration accelerations
are exceeded, further thorough control measurements of
the state of the elements of the switch, intersection, or frog,



are performed. As a result, it becomes possible to predict
the time required for repairs, as well as related expenses for
maintenance.

Fig. 4. Inertial system for diagnosing the frogs of railroad
switches ESAH-F

However, when a rail vehicle passes over a railroad
switch, a frog, a turnout, or a rail junction, it is impossible to
determine their actual wear to such an accuracy that it would
be possible, even in the absence of a damaged condition, to
predict the required type of repair work. It is possible only
to establish that, as a result of exceeding a certain thresh-
old value, the respective section of a track has already been
damaged. In addition, it is impossible, while using a given
device, to determine technical condition of all the frogs at
a railroad station due to a large amount of information col-
lected along the section of train motion, and the difficulty of
identification of operational crossings.

Therefore, designing measurement systems for para-
meters of geometric irregularities arising at frogs of railroad
switches would make it possible to predict their life cycle.
The monitoring of vertical wear of frogs that should be per-
formed would make it possible to take timely engineering
decisions for improving the carrying capacity of frogs in
railroad switches.

2. Literature review and problem statement

The main factor that affects the level of dynamic forces
on frogs is the irregularity in vertical plane, which is caused
by the profile of rail wings and the core [8, 9]. As a result, the
longitudinal and transverse profiles of a frog affect intensity
of the elements wear, formation of defects, and ultimately its
operation cycle.

In paper [10], authors established that the most common
are the irregularities of a sinusoidal shape, as well as hollows
and hills. The most unfavorable in terms of force interaction
are the irregularities in the form of cavities and the sinusoidal
ones [11].

The greatest interaction forces are implemented along
the sections of an irregularity in the region of wheel advance
on the slope of an opposite direction [12].

It was proven in paper [13] that the vertical motion
trajectory of the center of a new wheel, when rolling over
an irregularity, is almost completely identical to the vertical
irregularity itself at the frog rolling surface. Thus, a vertical
rolling trajectory of the unworn wheel characterizes a ver-
tical irregularity at a frog. Based on this dependence, a design

of the measuring device, a trajectory tracker, was proposed to
record the real shape of irregularities at the frogs.

A large amount of experimental research into wheel rol-
ling trajectories over frogs of different designs and brands of
railroad switches for both main line and industrial transport
were reported in [8, 9].

The authors of these papers obtained average irregular-
ities that characterize frogs of railroad switches of different
design in the condition of medium wear and permissible
maximum wear. In addition, they considered train motion di-
rections (forward motion (FD), or backward motion (BW)).
For the average irregularities, each ordinate equals a mathe-
matical expectation of the irregularity’s ordinate at a given
point, in the processed number of irregularities at frogs of
a particular design, type and brand.

It should be noted that almost all previous studies were
carried out for railroad switches laid on wooden bars. The
research into determining the dependence of forces of in-
teraction on parameters of the vertical irregularities at frogs
for switches laid on reinforced concrete bars started only
10—15 years ago.

Specifically, in the early 90-ies, author of work [14] ob-
tained first characteristic trajectories for frogs laid on the re-
inforced concrete bars. The author, however, did not conduct
analysis of dependence of the shape of an irregularity on the
period of operation and prevailing direction of trains motion.
The given trajectories have the shape of asymmetrical sinu-
soids, which do not accurately enough reflect the actual out-
line of irregularities, which could directly affect the analysis
of magnitudes of interaction forces.

A more thorough study into irregularities at railroad
switches, laid on reinforced concrete bars, was conducted in
the mid 1990’s—2005, initially at DIIT (on the Pridneprov-
ska railroad) [15], and later at DETUT (on the South Wes-
tern Railroad) [16].

However, the established dependences of the vertical
wear of frogs on the total weight of goods that have passed
the railway are not applicable either for contemporary de-
signs of railroad switches, or modern operational conditions.
Given the current designs of railroad switches on reinforced
concrete bars, it is necessary to conduct additional research
into formation of vertical irregularities depending on the
total weight of the passed cargo and the motion speed of
rolling stock.

In paper [15], author measured about forty irregularities
at frogs of type P65, brand 1/11, laid on reinforced con-
crete bars. In this case, the author points to the existence of
differences between irregularities at the frogs, mounted on
reinforced concrete bars and wooden bars. In addition, the
author established characteristic shapes and parameters of
irregularities taking into consideration the prevailing motion
direction and total weight of the passed cargo. However, the
author does not give recommendations for predicting the
formation of vertical irregularities at a frog depending on the
operating conditions.

In paper [16], based on data from field measurements
(more than 130 trajectories), author established the average
vertical irregularities at the rolling surface of frog of the
type P65, brand 1/11, laid on reinforced concrete bars. It
was found that vertical irregularities on the rolling surface
of frogs, mounted on reinforced bars, and the corresponding
irregularities at frogs laid on wooden bars, differ significantly
both in shape and basic parameters. Specifically, it was es-
tablished that the irregularities at frogs, laid on reinforced



concrete bars, are more local in character and have a smaller
length with steeper slopes. Countercurrent slopes i, are
1.2 times larger, and total slopes Zi are 1.6 times larger, at
forward motion, and, respectively, are 1.17 and 1.03 times
greater during backward movement of trains. However,
a given work fails to resolve the issue of forming the wear
and irregularities at the rolling surface of railroad switches
on reinforced concrete bars and their impact on the vertical
dynamics of interaction between a track and rolling stock.
Another open question is the formation of irregularities over
the initial period of frog operation when a metal is exposed
to a bearing stress, which significantly affects the formation
of a vertical irregularity.

Summing up the above, one should note that the volume
of research into irregularities at railroad switches, laid on
reinforced concrete bars, is, up to now, much less than the
corresponding amount of research concerning the wooden
bars. It should be emphasized that at present the reinforced
concrete bars are the main type of under-rail base both at
the railroads of Ukraine and on most railroads in the world.
In addition, it should be noted that practical research ac-
tually lacks measurement results for irregularities at frogs of
railroad switches of brand 1/9, laid on reinforced concrete
bars. These particular railroad switches, along with those of
brand 1/11, are the most common in the network of Ukrai-
nian railroads.

Furthermore, the recent years have seen the emergence
of a number of new designs of frogs whose working patterns
under operational loads also require a comprehensive study.
Therefore, research into the specified field is necessary in
order to ensure the safety of train motion over the railroad
switches and in order to improve their average life cycle.

3. The aim and objectives of the study

The aim of present study is the experimental estimation
of condition of the longitudinal profile of frogs at railroad
switches and the construction of a mathematical model for
predicting the patterns in the development of irregularities at
the rolling surfaces of rail wings and the core of a frog.

To accomplish the aim, the following tasks have been set:

— to devise an innovative system for measuring the longi-
tudinal profile of frogs at railroad switches;

— to conduct experimental measurements of the longitu-
dinal profile of frogs at different values of the total weight of
passed cargo;

— to develop a procedure for determining the trajectory
of motion of the center of mass of a wheel over a frog;

— to build a mathematical model for predicting the wear
of frogs depending on the total weight of passed cargo.

4. Design of the device for measuring the longitudinal
profile of frogs

In order to measure and control the longitudinal profile
of frogs, we have designed a device — the frog profilogra-
pher [17]. It is composed of a frame with left and right racks,
lateral supports, a rectangular frame with an upper horizontal
rod, a head that can move along a horizontal rod (Fig. 5, 6).
When performing measurements, the developed software in-
structs personal computer (1) through programmable micro-
controller (2) to start measuring. The microcontroller acti-

vates stepper motor (3) and shifts, along a horizontal guiding
rod, laser (5) and photo camera (6) at a preset distance. This
results in taking images of the profile at a certain step in the
motion of the camera and the laser. The photo camera regis-
ters graphical image of the laser plane crossing the surface
of the frog. By using the developed algorithms of automatic
recognition and measurement of bitmap images, we deter-
mine parameters of the measured crossing of the frog surface.
At a sufficient accuracy of measurement, the developed
software instructs a personal computer to measure the in-
tersection of a frog surface at the following step of moving
the measuring system. Upon execution of measurements of
the transverse profile of frog surface for the preset number
of steps of the longitudinal motion of the measuring sys-
tem, the results of separate measurements are merged to
form a mathematical model of the frog surface. To activate
operation of the laser, we use power supply unit (7), which
is powered by means of the developed autonomous power
supply system [18].
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Fig. 5. Block diagram of measurements of the
profile (surface) of frogs

Fig. 6. Practical measuring of the profile (surface)
of frogs at fifty points

The developed device measures the profile of frogs using
a high-resolution photo camera and a laser plane. The result
of the measurements is the spatial arrangement of points of
the frog surface. Since the filming of the cross-sectional pro-
file of the frog is carried out in a controlled fashion employing
a programmed microcontroller, which, using the software
developed, controls the stepper motor, and shifts, along
a horizontal guiding rod, the laser and the photo camera at
a set distance, then it is possible to obtain the profile of a frog
of any brand by changing only the length of the movement
of the laser and the camera. In this case, the accuracy of
measurements of the cross-sectional profile will not change.

Based on the results of measurements of profiles of frogs
at railroad switches, it is possible to make scientifically-
substantiated decisions regarding the need for recovery re-
pair of frogs.



Frog profilographer could be used for measuring the ver-
tical wear of frogs of type P65, brands 1/18, 1/11, and others.

5. Results of experimental measurements of the profile
of frogs at the railroads of Ukraine

Full scale measurements of the longitudinal profile of
frogs based on GOST 28370-89 were conducted for frogs of
brand 1/11, type P65, laid on the reinforced concrete bars.
The number of measured frogs is 50 pcs. The measurements
were conducted along both direct and lateral directions.
Based on these measurements, we constructed average pro-
files of frogs. Changes in the longitudinal profile after passing
50—65 million tons of cargo are shown in Fig. 7; and after
passing 80—95 million tons — in Fig. 8. In these figures, blue
color indicates motion in the direct direction of the frog,
yellow color denotes lateral direction, and orange color —
over the core.
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Fig. 7. Average longitudinal profile of frog, brand 1/11, after passing

50—65 million tons of cargo
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To select characteristic irregularities at average and
maximal permissible degrees of wear, experimental material
was grouped into two large groups (50—65 million tons, and
80—-95 million tons).

6. Procedure for determining the trajectory of motion
over frogs at railroad switches

Two techniques are currently employed to determine
a trajectory: graphical and analytical.

Graphical method is based on the use of a specialized
device, trajectory tracker, whose application is described in
papers [6, 19].

In the present work, we employed an analytical me-
thod for determining the trajectory of wheel motion over
a frog [3]. Based on a given method, we established the de-
pendence between the influential parameters and the initial
trajectory of wheel motion over a frog.

A wheel, regardless of the distance traveled,
is modeled based on one width of the bandage
of the wheel. The base for determining vertical
coordinates of the wheel diameter is the wheel
rotation axis. Determining an irregularity comes
down to determining function y(x) [20-22]. At
nodes, the function must accept values that cor-
respond to the location of the center of the wheel
in a vertical plane relative to the location of the
center of the wheel, calculated for the first point.

To do this, we define in a unified coordinate
system for the models of a wheel and a frog coor-
dinates of the frog diameter and the wheel diam-
eter. A point of contact of the wheel and the frog
at a specific diameter is in the place where the
difference of applicates in a transversal profile of

2 R — the wheel and the frog diameter is the smallest.
0 R 0 —— The resulting difference is the distance that is
29 200 400 600 800 1000 0 1400 peeded by the wheel to come down prior to the
4 contact with the frog. In order to determine the
irregularity, it is necessary to subtract the dis-
6 — / tances obtained from the corresponding distance
-8 . at the beginning of the irregularity.
10 In a general form, a trajectory of wheel mo-
-O-Right rail wing Leftrail wing ~ -O-Core tion over a frog can be written in the form of

dependence:

Fig. 8. Average longitudinal profile of frog, brand 1/11, after passing

80—95 million tons of cargo

We can conclude based on the above diagrams that the
core of a frog undergoes the most intense wear. Measure-
ments have shown that 60 % of frogs at a cross-section of
20 mm have a core height between — 2.1 and 6.1 mm relative
to the head of rail wings against the standard of 1.5 mm and —
0.5 mm. The most rapidly worn out are the cores at cross-sec-
tion from 12 mm to 30 mm. The slopes of the profile of rail
wings from the lead to the mathematical center point of
a frog become more flat when the magnitude of total weight
of the passed cargo increases as compared to those at average
degree of the passed cargo.

To analyze a change in the irregularity depending on the
passed cargo, we split all irregularities into several groups.
The division into groups was conducted so that one group
would include the rail switches with a difference in the
passed cargo not exceeding 15 million tons.

y(x)zf{H(x),W(x),S}, (1)

where y(x) is the trajectory of wheel that rolls over a frog in
the vertical plane; P(x) is the profile of the frog; W(x) is the
transverse profile of the wheel bandage; & is the magnitude of
the gap between a working edge of the wheel and a working
edge of the rail wing (core).

The profile of a frog is considered to be the longitudinal
profile of the rolling surface of rail wings and core. The lon-
gitudinal profile of the frog will be represented in the form of
two linear functions: P,(x) is the longitudinal profile of the
rail wings, and P.(x) is the longitudinal profile of the core.

Fig. 9 shows abscissas of functions P,(x) and P.(x),
which were accepted for the calculation of a frog, brand 1/11.

The rolling trajectory of the center of mass of the wheel
over the frog is significantly affected by the magnitude of
deviation of rail wings in plan y(x), which is determined by
the structural dimensions of the frog (Fig. 10).
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Fig. 9. Longitudinal profile of a frog, brand 1/11

For a frog of brand 1/11, deviation of the rail wing is
calculated from formulae:

Thus, we have all initial data for determining the ver-
tical trajectory of wheel motion over a frog. Calculation
of the trajectory will be performed using the following

z(x)=0.067x at 0<x<683, (2)  dependences:
z(x)=45+0.0909x at 683<x<1068. (3) z2(x) =M, (x)-W{y(x)+8} atx<x’, (4)
The transverse profile of the wheel bandage is given in z(x)=T,(x)-W{3} atx>x, (5)

the form of function W(x). This function shows a change
in the profile of a wheel depending on the magnitude of its
rolling (Fig. 11).

In this case, the magnitude of wheel roll and, accordingly,
the transverse profile of the wheel bandage, is a random
magnitude. The curve of probability distribution of the
magnitude of wheel roll, which was built based on the mass
measurement of wheelsets, is given in paper [5]. Mathemati-
cal expectation for the magnitude of wheel roll W=0.83 mm,
mean square deviation 6=1.54 % mm. The average character-
istics of the wear of wheel are given in Table 1.
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Fig. 10. Schematic of wheel motion over a frog in plan
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where x” is the abscissa of the point of transition of a wheel
from the rail wing to the core.

Results of the obtained average trajectories of motion
over frogs of brands 1/11 depending on the passed cargo are
shown in Fig. 12, Fig. 13.

Fig. 12, 13 show that after passing 50-65 million
tons (that corresponds to the average degree of wear),
the trajectory has the shape of a bump. We observe on the
reinforced concrete base in the zone when a wheel rolls
from a rail wing onto the core sharp hollows, characterized
by significant total inclination. Subsequently,
when the passed cargo increases, the number of
sinusoidal irregularities grows. At a wear close
to maximal (80-95 million tons passed), the
percentage of unfavorable trajectories (sinu-
soidal and hollows) increases. At low wear,
they make up 49.8 %, at a wear of 5-6 mm and
larger — 88.3 %. Sometimes there is a transfor-
mation of the sinusoidal irregularities to the
wave-shaped ones.

A hollow in the irregularity increases in size
when the passed cargo grows (this explains the
transition from an irregularity in the shape of
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Fig. 11. Representation of the transverse profile of
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a bump to the sinusoidal one); in this case, the
depth of the irregularity increases while the
height of the bump decreases.

Depth of an irregularity varies slightly
(2—4 mm after passing 50—65 million tons and
5—6 mm when passing 80—95 million tons).

Maximum slope often decreases with an in-
crease in the passed cargo; irregularities become

the wheel bandage flatter.
Table 1
Characteristics of a medium worn wheel
Statistical characteristics Number of the wheel profile cross-section
of wheel wear t | 2| 3 | 4| 5|6 | 7 |8 [ 9 | 10|11 |12]13]14]15
Mean value of roll W, mm | 0.83 | 1.44 | 2.57 | 272 | 2.72 | 2.68 | 238 | 1.66 | 1.17 | 0.87 | 0.87 | 1.51 | 1.49 | 0.74 | 0.43
Standard deviation, o 1.54 | 1.74 | 204 | 206 | 202 | 201 | 1.90 | 1.64 | 1.47 | 1.42 | 119 | 1.39 | 1.08 | 1.03 | 0.90
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Fig. 12. Average trajectories of motion along actual longitudinal profiles of frogs, brand 1/11, after passing 50—65 million tons
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Fig. 13. Average trajectories of motion along actual longitudinal profiles of frog, brand 1/11, after passing 80—95 million tons

7. Mathematical model of motion trajectory over a frog By equating to zero partial derivatives dF/day, dF/day, ...,
0F/dag and by performing basic transforms, we shall obtain
Assume that at points x=x1, x=x»,.., x=x, the function  a system of linear equations for determining xg, x1,..., xg:
by means of which we determine the trajectory of wheel

motion over a frog takes values y1, ys ..., y,. We shall build na, +(ix)a1 +(ix?}’z +(ix3}13 +
i=1 i=1 i=1

a polynomial regression equation for magnitudes y; on mag-
(oo (Bt for{ ) Eon
i=1 i=1 i=1 i=1

nitudes ;. This equation is given in the form:

Y, =a,+ax,+a,x’ +..+agx’. (6)
2 3 4
Parameters a; (j=0,1,..,6) will be derived by the least (; Xl)ao +(; x; )a1 +(; x; JQQ +(; X, )ag +
square method, according to which the sum of the squares of . ., . .
deviations Y;—y; should be minimal. This sum is a function: + (Z xf)ad + (Z x?)a:‘ +( x:)as = leyi,
i=1 i=1 i=1 i=1

n

2
2 6
F(ao,ai,...,aﬁ):Z(ao+a1x,.+a2xi +..+agx; —yi) .

2. ) (ixf)ao+[ix?)a1+(ixf)a2+(ixf)a3+

Then partial .derlvatlves will be written in the form of + Z 8 |a, + 2 o a,+ Z  |a, :z 2y,
a system of equations: P P py pary

n n n n
2 3 E 5
oF _22": a,tax; +a,x; +a,x; + -0 [zxf)a(,+(zxf)al+(2xf)a2+[fo)a3+
da prd (R 4 5 6 _ ’ i=1 i=1 i=1 i=1
0 = a,x; +a;x; +agx; -y, )
n n n n
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Results of mathematical modeling of the motion trajec-
tory of the center of mass of the wheel over a frog are shown
in Fig. 14, 15.
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Trajectory along the frog's lateral direction
—O—Trajectory along the frog's direct direction
~~~~~ Polynomial trajectory along the frog's lateral direction
------- Polynomial trajectory along the frog's direct direction

Fig. 14. Mathematical interpretation of motion trajectories
by the polynomial function after the frog passed
50—65 million tons of cargo

The coefficients of a polynomial, by using which we
determine the average motion trajectory of a wheel along
the longitudinal profiles of frogs, brand 1/11, after passing
50—-65 million tons, take, for a lateral motion direction,
the following values: ap=0.0039, a;=0.0116, a;=-0.0001,
a3=4-10"7 a;=—6-10"1°, g5=510"13, gqg=—1-10"16 and, for a
direct motion direction: ag=—0.1993, a;=0.0207, a;=-0.0002,
a3=710"7, a;=-110"9, a5=8-10"13 and ag=—2-10"16.
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Fig. 15. Mathematical interpretation of motion trajectories
|by the polynomial function after the frog passed
80—95 million tons of cargo

The coefficients of a polynomial, by using which we
determine the average motion trajectory of a wheel along
the longitudinal profiles of frogs, brand 1/11, after passing
80-95 million tons, take, for a lateral motion direction,
the following values: ap=-0.3422, a;=-0.0115, a,=0.0001,
a3=-310"", a;=4-10"1 g5=—1-10"13, g4=1-10"17, and, for
adirect motion direction: ap=—0.377, a;=—0.0102, a,=8-10"5,
a3=—210"",a,=1-10"19 g5=5-10""4 and ag=—4-10""7.

8. Discussion of research results aimed at estimating the
condition of frogs at railroad switches

acquired, their operational processing and sending to user in
order to analyze technical condition of the frogs at railroad
switches. The results of measuring the transverse profile of
frogs at railroad switches make it possible to take scientifi-
cally-substantiated decisions regarding the need for recovery
repair of frogs by the method of surfacing and for control over
gradual decrease in their carrying capacity, for establishing
their actual technical condition and residual resource.

By conducting high-precision measurements of the
cross-sectional profile of frogs at railroad switches employing
the proposed system, it was established that upon passing
of 50—65 million tons (that corresponds to the average
degree of wear) the trajectory has the shape of a bump. We
observed, at the reinforced concrete base in the zone where
a wheel rolls from a rail wing onto the core, sharp hollows,
characterized by a significant total inclination. Subsequently,
when the passed cargo increases, the number of sinusoidal
irregularities grows. At wear close to maximal (80—95 million
tons passed), the percentage of unfavorable trajectories (si-
nusoidal and hollows) grows. At low wear, they make up
49.8 %, at a wear of 5-6 mm and larger — 88.3 %. Sometimes
there is a transformation of the sinusoidal irregularities into
the wave-shaped ones. The number of irregularities obtained
(especially for small and medium passed cargo) does not al-
low us to make conclusions based on the laws of probability
theory and mathematical statistics. Therefore, during ana-
lysis, we considered a totality of separate irregularities in
a group, and, based on this, we drew conclusions about the
patterns of development.

Research into force interaction of rolling stock over frogs
at railroad switches must be conducted taking into consi-
deration parameters of vertical irregularities. They in turn
depend on the technical and structural parameters of frogs
and wheels of rolling stock.

Thus, in order to solve the problems on determining dy-
namic forces of interaction over frogs laid on the reinforced
concrete base, it is necessary first to establish the types and
parameters of vertical irregularities of such frogs at different
levels of wear.

In order to predict the wear of frogs at railroad switches,
it is necessary to continue to measure the cross-sectional
profile of frogs in the modern promising designs of railroad
switches, such as Dn 290, Dn 345, which would make it
possible to establish the types of vertical irregularities and
their geometric parameters depending on the total weight of
passed cargo.

One of the drawbacks of the proposed system is the im-
possibility of conducting measurements in the presence of
snow cover over a frog, which affects results of the measure-
ments. It should also be noted that this work reports results
of studies into vertical irregularities of frogs of brand 1,/11
only. Therefore, research in the future, in order to develop
criteria for the reliability and functional safety of railroad
switches, should estimate the degree of wear for frogs of va-
rious types and brands.

9. Conclusions

The proposed system for diagnosing the frogs of railroad
switches, based on the usage of modern microcontrollers of
the type ESP, along with the joint application of the infor-
mation technology IoT (Internet of Things), has advantages
over mechanical systems in terms of the accuracy of data

1. Applying the proposed system for diagnosing the frogs
of railroad switches, it is possible to prevent the premature
frog failure and thus to provide the safety of trains. A given
system for diagnosis is based on using modern microcontrol-
lers of the type ESP with high technical characteristics and



the simultaneous application of the information technolo-
gy IoT (Internet of Things). Measurement of parameters of
the transverse profile of a frog will be based on programmable
microcontrollers of the type ESP. In addition, the system per-
forms preprocessing of data collected and their submission
in a user-friendly format, as well as saving them, in order to
ensure the long-term monitoring of frogs at railroad switches.

The results of measuring the transverse profile of frogs at
railroad switches make it possible to take scientifically-sub-
stantiated decisions regarding the need for recovery repair of
frogs by the method of surfacing and for control over gradual
decrease in their carrying capacity, for establishing their ac-
tual technical condition and residual resource.

2. The results of experimental data allowed us to establish
that basic parameters, which characterize an irregularity at
the frog rolling surface, are the shape, depth and inclination
of a given irregularity. When a frog passes more than 50 mil-
lion tons of cargo, the basic form of an irregularity at the frog
changes insignificantly, with changes occurring mostly to the

depth, as well as slopes of an irregularity that characterize
the steepness.

3. Coefficients of polynomial of the seventh degree, by
using which we determine the average motion trajectory of
a wheel along the longitudinal profiles of frogs, brand 1/11,
after passing 50—65 million tons, take, for a lateral mo-
tion direction, the following values: ap=0.0039, a;=0.0116,
as=—0.0001, az=4-10"7, a;=—6-10"1°, a5=5-10""13, ag=—1-10"16,
and, for a direct motion direction: ag=-0.1993, a;=0.0207,
as=—0.0002, a3=7-10"7, a;=—1-10°, a5=810"13 ag=-2.10"16.
After passing 80—95 million tons, coefficients of polynomial
of the seventh degree take, for a lateral motion direction,
the following values: ap=-0.3422, a;=-0.0115, a,=0.0001,
az=—310"7, a;=4-10"1° a5=—1-10"13, gq4=1.10"17; and, for
a direct motion direction: ag=—0.377, a;=—0.0102, a5=8-105,
az=—210"7, a;=110"19 g5=5.10"14 a4=—4-10"17. The se-
lected polynomial of the seventh degree most accurately
describes the vertical motion trajectory of the center of mass
of the wheel over a frog of the railroad switch.
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1. Introduction

The main tasks in the design of machinery and vehicles
imply achieving the highest technical-economical and ope-
rational indicators: performance, operational reliability, and
cost. One of the most important factors when solving these
tasks is the minimization of mass of structures. The greatest
attention to the problem of reducing the mass is paid in
transport engineering. Thus, the thickness of passenger cars
made by different manufacturers is 1...2 mm; the thickness of
the unloaded sections of modern automotive bodies (wing,
trunk, etc.) does not exceed 0.7 mm, in some makes — 0.3 mm.

The trend of decreasing thickness is limited mainly by
the possibilities of manufacturing high-quality thin-walled
rolled metal.

In transport engineering, one of the main criteria of quali-
ty is the ratio g1 of payload mass to the mass of the structure.
For marine transport, g1=2.3..7.0; for railroad transport,
g£1=2.0...2.5; for automobile transport, g;=0.5...1.5, for avia-
tion, g1=0.3...0.75. The larger magnitudes here correspond
to the largest size of vehicles. Similar characteristics are
calculated for stationary machines and apparatuses. These
data explain the steady trend of growth in the dimensions of
machinery and technological equipment.




